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Abstract—Permanent magnet synchronous generator (PMSG)
is completely decoupled from the power grid with back-to-back
converters, and have been widely used in new power systems
under the carbon peak and neutrality target. However, the new
type of sub/super-synchronous oscillation caused by the
interaction between the PMSG and the weak AC grid seriously
affects the safety and stability of the power grid. Aiming at the
problem of sub/super-synchronous oscillation, the frequency
coupling characteristics of the sub/super-synchronous oscillation
of the PMSG considering the dynamics of the phase lock loop
(PLL) are analyzed firstly, Then, a PMSG sub/super-
synchronous oscillation suppression strategy based on the
additional active disturbance rejection controller (ADRC) is
proposed. Owing to the good adaptability of ADRC to different
frequency components, the sub/super- synchronous oscillation
current removing the basic frequency component is suppressed to
zero. Finally, a simplified equivalent model of Xinjiang power
grid with wind farms was built in PSCAD/EMTDC. The
simulation results show that the proposed strategy can quickly
and effectively suppress the sub/super-synchronous oscillations of
PMSG and maintain the stability of the wind power integrated
system.

Keywords—PMSG,
frequency coupling, ADRC
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I. INTRODUCTION

China has proposed the goal of carbon peak and carbon
neutralityl!-?], and sustainable energy such as wind power and
solar energy will be widely used in future power systems due
to their advantages of renewable and non-polluting’l. With the
development of converter technology, PMSG that is
completely decoupled from the power grid have gradually
become the main development direction of wind power
integrated systems!*>l. However, the new type of sub/super-
synchronous oscillation caused by the interaction between the
large-scale wind farm and the grid brings new challenges to
the power system!®®l. For example, in 2015, sub/super-
synchronous oscillation of multiple frequencies occurred in
Xinjiang, China without series compensation!, leading to a
number of PMSGs disconnecting from the grid and HVDC
blocking, which caused serious damage to the normal
operation of the power grid in Northwest China. Therefore,
it’s great significance of studying the frequency characteristic
of PMSG sub/super-synchronous oscillations and suppression
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schemes to improve the safety and stability of large-scale
sustainable energy resources integrated system.

Targeting at the problem of sub/super-synchronous
oscillation caused by wind turbine, researchers have studied
and formed three kinds of solutions: 1) install physical
suppression devicel!%!3], 2) optimize the control parameters of
wind turbine converter!!®!7] 3) design control strategies for
suppressing sub/super-synchronous oscillationt!8-2%- 31331,

The installation of physical suppression device is mainly to
install flexible AC transmission system (FACTS) devices,
including series suppressors and parallel suppressors.
References [10-11] use static synchronous compensator
(STATCOM) and unified power flow controller (UPFC) to
suppress sub-synchronous resonance (SSR) of coal-fired
power units. References [12-14] use thyristor-controlled series
compensator (TCSC) to solve the problem of sub-synchronous
oscillation caused by double feed induction generator (DFIG).
Reference [15] uses STATCOM to suppress sub-synchronous
oscillation of wind farms and analyzes the influence of
installation position on the suppression effect. The method of
adding physical suppression device realizes the suppression of
sub-synchronous oscillation by directly changing the
impedance characteristics of power grid, but this method adds
additional physical devices, which increases a lot of
investment and reduces the economy of the system.

The method of optimizing the controller parameters of
wind turbine converters is to readjust the existing controller
parameters, and avoid sub-synchronous oscillation. Reference
[16] solves sub-synchronous oscillation caused by the
interaction between grid impedance and wind turbine by
optimizing the parameters of phase lock loop (PLL).
Reference [17] coordinately optimizes the controller
parameters of wind farm with high voltage DC transmission
(HVDC) system to deal with the sub-synchronous oscillation.
The method of optimizing the controller parameters of wind
turbine converter does not need to add investment or change
the control structure, but may reduce the stable region of the
control system.

There are two modes to suppress sub/super-synchronous
oscillation by using control strategy. One is to use nonlinear
control method instead of wind turbine voltage and current
loop control 23 and the other is to add a sub/super-
synchronous oscillation suppression module based on the
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double closed-loop vector control of the wind turbine 242931
33]

The first method uses nonlinear controls such as active
disturbance rejection control (ADRC) 81 quasi proportional
resonance controller ['], feedback linearization control 2022
robust/adaptive control 3! to replace the current inner loop PI
control of the wind turbine, thus adapts to harmonics and
voltage distortion. This method suppresses the sub/super-
synchronous oscillation by reconstructing the basic control
structure of wind turbine converter and using the good
adaptability of nonlinear algorithm to different frequency
components. However, this method needs to completely
modify the control system of wind turbine, besides some
nonlinear algorithms are too complex, which is not conducive
to engineering practice.

Researchers have also made rich achievements in the
research of additional damping control. References [24-25]
design additional proportional resonance control to the grid
side converter of PMSG to suppress the sub/super-
synchronous frequency component. In [26-27], a hybrid sub-
synchronous damping controller is added to the active and
reactive outer loop control of the rotor side converter of DFIG
to realize SSO suppression. Reference [28] introduces a virtual
negative resistance of the sub-synchronous frequency band to
the rotor side converter to enhance the damping of the wind
turbine grid connected system. Reference [29] adds PID
damping controller to the active loop and reactive loop of
DFIG for phase compensation to optimize the amplitude
frequency characteristics of system impedance and electrical
damping. However, the additional damping module of these
suppression strategies have many links and the parameters
optimization take a long time, resulting in high delay of input
and output signals. In addition, if the operating state of the
system changes, the additional damping control parameters
need to be retuned, which has poor adaptivity.

The ADRC B% is decoupled from the mathematical model
of the actual physical system and takes the uncertain factors in
the system as disturbances for unified estimation and
compensation. The control structure is simple and easy to
engineering. It is very suitable for nonlinear, time-varying,
coupled and uncertain sustainable energy resources integrated
system. Its parameters can automatically detect and
compensate the internal and external disturbances of the
control object, with strong adaptability, robustness and
operability. References [*1-331 use additional ADRC to suppress
the sub-synchronous oscillation of DFIG integrated system
and photovoltaic integrated system respectively. However,
there are few reports on the application of ADRC to the sub-
synchronous oscillation of PMSG integrated system, except
for the overall replacement of the controller in [18].

Therefore, combined with the excellent performance of
ADRC, a sub/super-synchronous oscillation suppression
strategy of PMSG based on additional ADRC is proposed. The
main work includes the following aspects:

(1) Analysis of frequency coupling characteristics of
sub/super-synchronous oscillation of PMSG

By studying the effects of the primary system and control
system of the grid side converter of PMSG on the system state
variables, the sub/super-synchronous oscillation coupling
mechanism and frequency coupling characteristics are
obtained.

(2) Sub/super-synchronous oscillation suppression strategy
based on additional ADRC

An additional ADRC strategy is proposed to suppress the
sub/super-synchronous oscillation of PMSG. The ADRC is
used to suppress the d-axis current at PCC point of grid side
converter with removed DC component to 0, thus realize the
unified suppression of multi frequency sub/super-synchronous
oscillation of PMSG.

II. ANALYSIS OF SUB/SUPER-SYNCHRONOUS OSCILLATION
CHARACTERISTICS OF PMSG
This section first introduces the topology and basic control
strategy of PMSG, and then studies the sub/super-synchronous

oscillation frequency coupling mechanism of PMSG
considering the dynamics of PLL.

A. System model and classical control

Figure 1 shows the topology and control strategy of PMSG
integrated system.
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Fig. 1. Topology and control strategy of PMSG integrated system.

Where, MSC and GSC represent generator side converter and
grid side converter, respectively. PCC represents a common
connection point. PWM represents carrier phase shifted pulse
width modulation. Uge and Ugerer represent DC voltage and DC
voltage reference value, respectively. O and Qr.r represent the
real time reactive power and reactive power reference value,
respectively. #ane and wanes represent the steady-state AC
voltage at PCC and sub/super-synchronous frequency
component of the AC voltage, respectively. iwe and iabes
represent the steady-state AC current at PCC and the
sub/super-synchronous frequency component of the AC
current, respectively. & represents the phase angle of steady-
state AC voltage, and A@represents the disturbance of AC
voltage sub/super-synchronous frequency component to the
output phase angle of PLL.

PMSG composes of wind turbine, generator and back-to-
back grid-connected converters. The wind turbine controls the
mechanical power input of the generator, and the stator side
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of the generator is connected to the grid through a back-to-
back converters. The back-to-back converters adopt double
closed-loop vector controllers based on synchronous rotating
coordinate system. PLL tracks the phase angle of AC voltage
at PCC, which provides the basis for Parker transform. The d-
axis outer loop of MSC adopts fixed rotor speed control, thus
the PMSG can operate in maximum power point tracking
(MPPT) mode by tracking the optimal speed generated by
MPPT. The outer loop of g-axis of MSC adopts fixed AC
voltage control to provide stable AC voltage support for the
generator. The d-axis outer loop of GSC adopts fixed DC
voltage control to maintain the voltage stability of back-to-
back DC system. The outer loop of g-axis of GSC adopts fixed
reactive power control, and the reactive reference value is
usually set to 0. Based on the control scheme in Fig. 1, this
paper studies the frequency coupling characteristics and
suppression strategy of sub/super-synchronous oscillation of
PMSG.

B. Analysis of sub/super-synchronous oscillation
characteristics
The harmonic linearization method is used to study the
PLL and dg-axis control system of GSC. The sub/super-
synchronous frequency disturbance voltage signal #apes 1S
added to the PCC voltage wan, thus the three-phase voltage
U, is

abc

U, cos(wyt + ¢, )+ U, cos(ot +¢,)

_ U, cos(awyt + ¢; —2?”) + U, cos(a,t + @, —2{) (1)

2 2
¢ U, cos(myt + ¢, +77[)+US cos(a,t + @, +T7[)

where, Ur and ¢r are the amplitude and initial phase of apc,
respectively. Us and ¢, are the amplitude and initial phase of
Uapes, respectively. @ is the angular frequency of the
sub/super-synchronous frequency component.

Once the PCC voltage superposes sub/super-synchronous
frequency component, the phase angle of PLL output will no
longer be the steady-state phase angle €. The influence of
sub/super-synchronous frequency component on phase angle
can be expressed by phase angle disturbance A6, i.e.
0= O+A0. Therefore, the coordinate transformation module
of the three phase voltage Tuqabc(6) is

cos(f, +Af) cos((6,+A0)— 2{) cos((6, + AO) + 2?”)

Ty ae(0) = % —sin(6, + AB) —sin((6, + A6)— 27”) —sin((6, + AO)+ 27”)

1 1 1
2 2 2
2)
It can be simplified as
qu/abc @)= qu/abc (A0)- qu/abc (90) (3)

where

cos(Af) sin(Af) 0O
T (AO) =| —sin(A0) cos(A0) 0 “)
0 0 1

The dg-axis component of three phase voltage
u,,. obtained by Park transformation varies with the output
phase angle of PLL, which can be expressed as

4 Uy +Ugg + Uy + Uy,
[Z:li|_nq/abc(9) Uy, —|: °o ; d} ®)

A u' Uy + Uy + Uy +ly
c

where

u, =A0-u,=0

. 1 .
uy, =A0-uy, :EAUUs cos(—p, — @, + o +E)+

1 T
FAU oS0, o)+ 0, ~0+0+7) ()

”;15 =-A0-uy, =—-A,U;cos((w, — a)s)t)Jr(pAU )

. 1
Uy =—AO0-uy, = _EAUUs cos(—@, — @, + @)+

1
EAUUS cos(2(@, — @) + ¢, — @, +¢;)

It can be seen from (5) and (6) that after the sub/super-
synchronous frequency component uqpes is introduced into the
PCC voltage, the dq-axis components generated by Park
transformation contain not only the DC component, but also
the AC component with frequency of (ao- @s). Similarly, the
dg-axis components of the current after Park transformation
can be expressed as

RN
Iy .. lyo Tlgs Tlgs Tl
[l} = ]:iq'ubc )| i, +iy |= |: ™

A i +i, Iy Fig +igg +ig
where

iy =A0-i, =0
. 1 T
i, =A0-iy, = EAIIs cos(=¢, — ¢ + @y +E)+
1 V4
EAIIS cos(2(@y @)+, — P+ @ + 5) (8)
i;ls =—A0-iy, = —A [l cos((@, - o, )Z)+¢AI)

s

o
=—A0-i, = _EAI]S cos(—@, — ¢ + @)+

1
2 A1 cos(2(w, — )t + Py P T @)

where, /r and ¢ are the amplitude and initial phase of
fundamental frequency current iuc, respectively. /s and ¢ are
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the amplitude and initial phase of sub/super-synchronous
frequency iabes, respectively.

According to the control block of GSC shown in Fig. 1,
dg-axis voltage reference values are

. . K, .
Ugrer = (lger — 1y )(Kpd + T‘d) - woqu +u,

)
. . Kiq .
Upeer = (lcIref -, )(Kpq +T) + o, Li, +u,
The small signal equation of (9) is:
. Kid .
Aty ==Aiy (K, +—5) — o, LAi, + Au,
s (10)

K
. iq .
Au Ai, (K, +T)+w0LAld +Au,

qref’ =

where, Kpa, Kiga, Kpq and Kiq are the proportional and integral
coefficients of dg-axis inner loop PI controller respectively.

Substituting (10) with (6) and (8), the dg-axis voltage
reference value u;ref and u . considering the phase angle

qref

disturbance of PLL can be derived as

Uy =gy + Ay COS((0) = @)+ ,44,)
+4y, cos(2(@, — @)t + 9, (11)

Ugep =Ugg + Aql cos((@, — )t + ¢7Aq])

qref’

+4,, cos(2(w, — @)t + goqu)

where, Aq and A are the reference value of amplitude of dq-
axis voltage with frequency of 2(mo - ®s), and @442 and @uq are
the reference value of initial phase of voltage with frequency
of 2(wo - ®s).

The three-phase voltage instruction value u, . can be

obtained by inverse Parker transformation of dg-axis voltage
reference value

u

aref

" u;rcf
Uper | = T;bc/dq (9)[14 :I

ref
u e

(12)

cref

The three-phase voltage instruction value in (12) can be
expanded into

U cos(wyt +¢,)+ 4,
+4

as2

cos((@, —a, @)t + )

cos((2(w, —w,) L @)t +¢,,)

2
U, cos(a,t + 0, + Tﬁ) +4

asl

V3
. cos((@, — o, * )t + ¢, + ?)
Uyrer

Uper | =| +A4
.

2z
cos((2(w, — o) L @)t + ¢, + ?)

as2
cref

2
U, cos(a,t + ¢, — ?ﬂ) +4

asl

2
cos((@, — o, * W)t + @, — Tﬂ)

A 00820, - @) £ @)+ 0,2

(13)

Considering the disturbance of the output phase angle of
the PLL, the new sub/super-synchronous frequency voltage
component and its dual frequency component is generated due
to the action of PMSG control links.

ITI. SUPPRESSION OF SUB/SUPER-SYNCHRONOUS OSCILLATION
BASED ON ADRC

Aiming at the problem of sub/super-synchronous
frequency coupling of PMSG, based on the study of the
mathematical model of ADRC, an additional ADRC strategy
for GSC is proposed to suppress multiple coupled frequency
components in sub/super-synchronous oscillation.

A. Mathematical model of ADRC

ADRC is a new control technology evolved from classical
PID control technology. Compared with the linear
combination of proportion, integral and differential commonly
used in classical PID control, ADRC abandons the integral
link and adopts nonlinear feedback structure to replace the
linear combination of proportion, integral and differential,
which fundamentally improves the inherent defects of PID.

For a second-order control system with external
disturbances, its mathematical model can be described as

X =X,

(14)

x; :fo(xl’xz)‘l’a)([)‘l’bu
y=x

where, x; and x, are the state variables of the control system.
(?) is the sum of the unknown part of the model and the
disturbance. f;is a known part of the model, and it can also be
included in w(?), that is, the system is considered unknown. b
is the amplification factor of the control quantity.

For the second-order system state equation in (14), a
second-order ADRC controller can be designed to control the
system. The ADRC structural diagram is shown in Fig. 2,
which mainly includes three parts: extended state observer
(ESO), tracking differentiator (TD), nonlinear state error
feedback and disturbance estimation compensation (NLSEF).

TD :@P——;NLSEF:&

Reference
of controller

Input of
controller

2nd Order
ARDC 2
Controller z ESO

Fig. 2. Structure of ADRC.
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According to the control target vo, TD reasonably arranges
the transition process v; and extracts its error differential
signal v», so as to reduce the initial error and balance the
demand for rapidity and overshoot in the transition process.
The mathematical model of TD is

ey (k) = v, (k) —v, (k)

T = fran (€0 (B), v, (K), 1, By (15)
v (k+1) = v, (k) + hv, (k)

v, (k+1)=v,(k)+hf,

where, /s refers to the simulation step size, ro refers to the
speed factor, Ao refers to the filter factor. fhan(p1,p2,7,h) is the
synthesis function of discrete fastest control, which is defined
as

d=rh, dy=hd, q=p,+hp,

. / #0
a, =Jd2+8r‘q‘, s1gn(x):{x O‘x‘ i=0

-d) .
P+ Dsiontq) Jo|>d, (16)
a=
P> +% ‘Q‘ <d,
rsign(a) ‘a‘ >d
ﬂla|1 ==

rg ‘a‘sd
d

where, d and dj control the linear segment length of fian, ¢, a
and ao are internal variables, and sign(x) is a symbolic
function.

ESO tracks the state variables x| and x, through the system
output variable y and the control variable u, which are
expressed as z; and z, and expands the disturbance w(?)
affecting the control output into a new state variable z3. The
nonlinear ESO considering the known part of the system is

e(k) = z,(k) - y(k)

Jo = Jule(k),a,,0)

Ja = falelk),a,,6)

z,(k+1) = z,(k) + h(z, (k) - fy,e(k))

2, (k+1) = z,(k) + h(f, (z,(k), 2, (k)
+2;(k) = P . + bou(k))

zy(k+1) = z,(k) + h(=fys /1)

(17)

where, fo1, fo2, Pos is the gain factor. fy1(e,a,0) is a continuous
power function with linear segments near the origin, which
can avoid high frequency flutter phenomenon.

_
fule,a,0) = s
‘e‘a sign(e) ‘e‘ S5

‘e‘sé' (18)

where, J is the linear interval length, a is a power parameter,
usually 0<a<l.

NLSEF combines the state error information of TD and
ESO, and configures appropriate feedback control to suppress

system disturbance and improve system operation
characteristics. NLSEF can be expressed as
{el (k) = v (k) = z,(k), e, (k) = v, (k) =z, (k) (19)
uy (k) = k(e (k),e,(k), p)

where, k(ei(k),ex(k)) refers to a variety of feedback functions
(linear or nonlinear functions can be used), and p is the
feedback form parameter set.

The feedback law of the controller adopts the fastest
feedback function uo= -fuan(ei, ces, r, h1) with damping factor.
c is the damping factor, r is the control gain, and /; is the
speed factor.

The error feedback value uo in (19) is superimposed with
the disturbance estimator z3 of ESO to obtain the final control
value.

_U (k)= fo(z,(k),z, (k) — zy (k) (20)
b

0

u(k)

where, b is the compensation factor.

B. Suppression strategy of sub/super-synchronous oscillation
of PMSG

Based on the principle of second-order ADRC, an
additional ADRC strategy for PMSG is proposed to suppress
the sub/super-synchronous oscillation. The structure of the
proposed suppression strategy is shown in Fig. 3.

Filter

VSC AC System

Fig. 3. Structure of suppression strategy of sub/super-synchronous oscillation
of PMSG.

The  sub/super-synchronous oscillation  suppression
strategy collects the d-axis current component of PCC of GSC
after Park transformation, and uses the first-order filter shown
in (21) to remove the DC component in the d-axis current, so
as to obtain the oscillation current is, including all sub/super-
synchronous frequency components. Then set the sub/super-

o . .
synchronous current reference value i to 0, input iso as the

controlled variable into the second-order ADRC controller,
and the output of the ADRC controller is superimposed on the
d-axis current reference value of GSC to form a control closed
loop. Using the good adaptability of ADRC controller to
different frequency band components, the sub/super-
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synchronous current is, is suppressed to 0 to eliminate the
sub/super-synchronous oscillation.

! 1)
1+Ts

G(s) =

where T is the first-order inertial time constant, usually
0.0005s.

When the wind turbine works normally, the system state
variable does not contain the sub/super-synchronous
frequency component, and the ADRC is locked. The PMSG
control system operates normally according to the reference
value given by the dispatching center. After the sub/super-
synchronous oscillation occurs in the system, the additional
ADRC starts up when the sub/super-synchronous oscillation
current s, amplitude exceeds 0.05 p.u.. Under the joint action
of double closed-loop vector control and additional ADRC,
the PMSG suppresses the sub/super-synchronous current to 0,
so as to maintain the normal operation of the PMSG.

C. Control parameter tunning method

Since there are clear boundaries in each link of ADRC, the
parameters of each link can be tunned separately by modular
scheme according to the separation principle to simplify the
parameter design process.

The filter factor /4 in TD can be used to suppress noise in
the input differential signal. After the simulation step % is
determined, increasing /o can effectively improve the filtering
effect. For a fixed reference input, filtering is not required, and
ho can be made equal to /4. The larger ry is, the closer TD
output is to the reference signal, but a too large o will lead to
differential signal oscillation. The smaller 7o, the smoother TD
output tracking reference signal. 7o can be set as 1000 in this

paper.

The main parameters in ESO include a1, a2, 9, fo1, Loz, fos.
If 0 is too large, the linear working area is too large, which
affects the performance of the controller. While if J is too
small, it is easy to occur high-frequency flutter. Therefore,a,
02, 0 determines the nonlinearity of ESO and has a great
influence on the tunning of other parameters. So ai, a2, J gives
priority to tuning, usually taking a; equals 0.5, a, equals 0.25
and ¢ equals /#. The gain coefficient foi, fo2, Po3 affect the
observation effect of ESO, and must meet the stability
requirements of ESO. After 4, ai, as, 0 is determined, ESO
parameters can be designed by bandwidth tunning method B!,

B =3m,
By, = 3m§ (22)
a,fy = mg

where my refers to observer bandwidth. In order to effectively
observe the total disturbance of the system at sub/super-
synchronous frequency, myo should be increased as much as
possible on the premise of observer stability. This paper takes
Poi=1/h, and substitute it into (22).

1
ﬂ()l = ;
b (23)
P 3a,
1
P = 27a,h’

The compensation factor bo in disturbance estimation
compensation is theoretically the amplification factor &.
However, b is usually unknown, so it is necessary to estimate
bo near the true value of b. Since ADRC algorithm requires
very low estimation accuracy of by, the influence of relative
error less than 30% on control effect can be ignored. The trial-
and-error method % can be used to select bo.

The suppression strategy of sub/super-synchronous
oscillation of PMSG based on the additional ADRC is put into
use only after the occurrence of sub/super-synchronous
oscillation, which does not affect the normal control and
operation of wind turbine integrated system. In the process of
oscillation suppression, the characteristics of strong
adaptability and good robustness of ADRC are fully utilized.
Meanwhile, the parameter tuning method of ADRC proposed
in this paper has clear structure and good engineering practice
value.

IV. SIMULATION

Based on the simulation model of Xinjiang grid with
PMSG wind farm in PSCAD/EMTDC, this section verifies the
effectiveness of the sub/super-synchronous oscillation
suppression strategy of PMSG based on additional ADRC.

A. Simulation model

Figure 4 shows the simplified equivalent model of
Xinjiang grid with PMSG wind farm, in which node A is
connected to two wind farms, and nodes B and C are
connected to one wind farm respectively. Those wind farms
connect to the 750kV main grid through node D. In order to
simplify analysis, assuming that the rated capacity of each
wind turbine is the same, which is 5.2MW, and the equivalent
method of capacity weighting is used to model the wind farms.
The number of wind turbines included in wind farms a;, a, b
and c is 61, 16, 84 and 118 respectively.

c 750kV bus and line
C ig ~©) 500kV bus and line

58 £800kV DC line
H ®- Turbine Generator

I Wind Farm

Fig. 4. Simplified equivalent model of Xinjiang grid with PMSG.

The system parameters and control parameters of a wind
turbine are shown in Table 1.
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TABLE L. PARAMETERS OF PMSG WIND FARM

uantit uantit uantit

Symbol Q/unit y Symbol Q/unit y Symbol Q/unit y
Uxc 0.69/kV kpac 10/p.u. kpd 5/p.u.

Ulc 1.45/kV Kide 0.05/p.u. ki 0.01/p.u.
Vi 12/m/s koo 0.1/p.u. koq 1.2/p.u.

1 50/Hz kio 0.1/p.u. ki 0.025/p.u.

where, Vy refers to the rated wind speed, f refers to the rated
frequency, kpq and kiq refer to the proportional and integral
parameters of the reactive outer loop PI controller of GSC.

B. Verification of oscillation suppression strategy

1 ]
0.5 |

U/kV
o

I,/kA
)

P,/MW
)
wn

O/ MVar
: (=]

s

Fig. 5. System states of PCC of wind farm.
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Fig. 6. Frequency spectrum analysis of PCC current.

The rated wind speed of the PMSG wind farm a;
connected to node A is 12m/s. when the wind speed becomes
7m/s, the wind turbine integrated system occurs sub/super-
synchronous oscillation. When ¢ = 5s, the proposed sub/super-
synchronous oscillation suppression strategy is put into
operation. The simulation results of AC voltage, AC current,

active power, and reactive power at PCC of the wind farm are
showed in Fig. 5. Figure 6 shows the frequency spectrum
analysis results of AC circuit before and after the suppression
strategy puts into operation.

It can be seen from Fig. 5 that when the PMSG undergoes
sub/super-synchronous oscillation, there is obvious oscillation
in the AC voltage, AC current, active power and reactive
power at PCC. The frequency spectrum of A phase AC current
is analyzed. As shown in Fig. 6 (a), there are three groups of
sub/super-synchronous dual oscillation frequency components
such as 9/109Hz, 10.5/89.5Hz and 30.5/69.5Hz in the system.
Since only the positive half plane spectrum is used in Fourier
decomposition, 9Hz in 9/109Hz is the negative sequence
frequency, that is, the oscillation frequency of this group is
actually -9/109Hz. The three groups of sub/super-synchronous
oscillation frequencies of -9/109Hz, 10.5/89.5Hz and
30.5/69.5Hz are symmetrical about the fundamental frequency
of 50Hz, which proves the conclusion that PMSG produces a
new oscillation frequency and its dual frequency under the
disturbance of sub/super-synchronous oscillation is correct in
section II.B.

When the sub/super-synchronous oscillation suppression
strategy is put into operation, the sub/super-synchronous
current is quickly suppressed to 0 under the action of ADRC,
and the active power, reactive power and AC voltage also
quickly return to normal state. The spectrum analysis results in
Fig. 6(b) show that only the fundamental frequency
component remains in the PCC current.

V. CONCLUSION

Aiming at the problem of sub/super-synchronous
frequency coupling when sub-synchronous oscillation occurs
in PMSG, a suppression strategy of sub/super-synchronous
oscillation of PMSG based on additional ADRC is proposed in
this paper. The conclusions are as follows:

(1) The frequency coupling and characteristics of
sub/super-synchronous oscillation of PMSG are analyzed
theoretically. When the PMSG has sub/super-synchronous
oscillation, the output phase angle of the PLL is disturbed,
resulting in a new oscillation frequency and its dual frequency.

(2) The sub/super-synchronous oscillation suppression
strategy based on additional ADRC can suppress the current of
multiple groups sub/super-synchronous oscillation frequencies
at the same time by using the adaptability of ADRC to
multiple frequency components. Meanwhile, this method has
no effect on the normal operation of the PMSG control system,
and is only put into use after the oscillation occurs.

(3) The simplified equivalent model of Xinjiang grid with
PMSG is built in PSCAD/EMTDC, and the effectiveness of
sub/super-synchronous oscillation suppression strategy is
verified. The simulation results show that the proposed control
strategy can suppress sub/super-synchronous oscillation
quickly and effectively.
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